Background
Zirconium cladding is the second largest mass (~25%) inventory of light water reactor spent nuclear fuel. Zircaloy-4, Zircaloy-2 and Zr-Nb alloys ) are mainly used as the cladding materials; their composition consists of Zr (>98%) and alloying metals (Fe, Sn, Cr, Nb) . 1 In nuclear fuel recycling, spent nuclear fuel assemblies are disassembled and the cladding hulls are separated from the U oxide spent fuel. The separated cladding cannot be treated as a low level waste due to the presence of activation products and residual fission products on the surface or inside the hull cladding. Previous studies have shown that after irradiation in the reactor, the major activation products in the cladding are 125 Sb (t1/2 = 2.76 y; b -= 302 keV, g = 635 keV) and 60 Co (t1/2 = 5.27 y; b -= 318 keV, g = 1.33 MeV) for Zircaloy-4 and 93m Nb (t1/2 = 16.1 y; g = 30.8 keV) and 125 Sb for Zirlo TM . 2 Concerning the fission products, 137 Cs (t1/2 = 30.07 y; b -= 514 keV; g = 661 keV) has been found to be one of the main radioactive contaminating components. 3 The United States produces a large amount of cladding material from used nuclear fuel, expected to approach 1,000 MT/year for the next 50 year. This requires a technical route to manage this cladding material. Three approaches (mechanical, thermo-mechanical, chemical) were proposed to manage the radioactive cladding. In the mechanical approach, the cladding is compacted and stored with a cement matrix. In the thermo-mechanical method, hot pressing is used for compaction. In the chemical approach, Zr is recovered so that it can be recycled or disposed as a low level waste. It was estimated that the reprocessing of Zr would represent a ~50% savings on the geologic waste disposal space requirement. 3 Furthermore, due to the cost of Hf-free Zr, it was estimated that the reprocessing of Zr represents a material savings of > $ 40M/y. In this context, the study of Zr reprocessing by chemical methods is of importance. Different chemical approaches have been proposed for the recovery of Zr: electrorefining, iodination and chlorination methods. 4 In the chlorination method, the Zr cladding reacts with chlorine gas at 350-380 °C to produce ZrCl4 (Zr + 2Cl2 → ZrCl4). The ZrCl4 product has a relatively low boiling point (331 °C) that enables its separation from the other products. Previous work has shown that Zr can be recovered from Zr cladding using the chlorination method. 5, 3 But one of the issues observed was the presence of impurities in the recovered ZrCl4. In previous work on non-irradiated Zircaloy-4, it was shown that Sn (0.2 wt%), Cr (0.13 wt%) and Fe (1.73 wt%) were present in the ZrCl4 product obtained after 6 h of treatment at 380 °C with Cl2 gas. It was also shown that the purity of the recovered Zr decreases with the increase of the reaction time. 5 Most of the research on the purification of ZrCl4 was performed in the 50-60's 6 and focused on the removal of Fe, Al, Hf impurities from ZrCl4. In those methods, the purification of ZrCl4 was based on a redox process: volatile chloride species are reduced to non-volatile species by H2, H2S or metals (Cd, Zn), while ZrCl4 is not reduced. The difference of volatilities between ZrCl4 and the reduced species enable their separation, but few data (separation factors, kinetic rates, chemical form of the non-volatile species) were provided at that time. From this, further efforts are required to develop a chlorination process that will yield high purity Zr. In a recent report on the establishment of the road map for chlorination process development for Zr recovery, it was mentioned that "the understanding of the basic chemistry of the chloride volatility must be determined for specific applications and different levels of impurities". 7 The needs in the basic chemistry include: a) determination of the chemical form of the chloride impurities, and b) understanding the chemical behavior of the volatile impurities and the necessary process design for removal of these impurities from the ZrCl4 product. One of the striking examples on the lack of fundamental data, is that the chemical form of some of the impurities (Cr, Sn) formed during chlorination of Zr alloys is still ambiguous. It was mentioned that either CrCl3 or CrCl4 and SnCl2 or SnCl4 could be formed during chlorination of Cr and Sn, respectively.
8 Furthermore, the presence of ternary chloride species (e.g., Cs2ZrCl6, FeZrCl6, SnZrCl6) that could be produced from the reaction of ZrCl4 and chloride species cannot be excluded.
9
The goal of this work is to investigate the thermochemistry of used fuel Zr cladding component chlorides as well as their activation products and residual radionuclide metal chlorides, in order to provide the DOE-NE community with fundamental data that will support the development of a chlorination process for the separation and purification of ZrCl4. Our studies will focus on the following elements: Zr, Sn, Fe, Cr, Sb, Nb and Cs; in the following sections, the term "chloride species" is applied to the following elements: Sn, Fe, Cr, Sb, Nb and Cs. Experimental and theoretical research will focus on the characterization, reactivity and volatility of the chloride species present in the ZrCl4 obtained after chlorination of Zr cladding. The methods previously used for the purification of ZrCl4 will be reexamined and the thermochemistry of the chloride species evaluated for each of the methods. Claddings of interest include Zircaloy-4, Zircaloy-2 and Zr-Nb alloys (Zirlo TM and Zr-2.5Nb). In this context, we propose five Tasks: Task A periodic unit-cell approach was used in the initial calculation for α-Zr while the (3x3x3) supercells with Sn/Nb substitutions at Zr sites were used for zircaloy-4 and Zirlo TM model structures. The calculated lattice constants of α-Zr (space group P63/mmc; Z=2) are a = 3.239 Å and c = 5.156 Å (c/a =1.592) which were in excellent agreement with the experimental values of a = 3.2331 Å and c = 5.1491A (c/a=1.5926), respectively. The elastic constants of zirconium and zirconium alloys were calculated from density functional theory (DFT) at the GGA/PBE level of theory. Based on the calculated elastic constants, the Born elastic stability conditions were applied to investigate the mechanical stability of α-Zr, Zircaloy-4 and ZIRLO. It was found that α-Zr, Zircaloy-4 and Zirlo TM fulfill the elastic stability conditions for the hexagonal single crystal; hence they are mechanically stable as expected. The calculated bulk and shear moduli of α-Zr were 97 GPa and 37.1 GPa, in excellent agreement with the experimental values of 95.9 GPa and 35.8 GPa, respectively. The predicted values of Zircaloy-4 and Zirlo TM were 97.8 and 98.3, for bulk modulus while they were 38.0 and 32.6, for the shear modulus; this indicates that mechanical properties of Zircaloy-4 and Zirlo TM , are similar to those of α-Zr.
Interaction of Zr with Cl2 gas
In order to understand the chlorination process occurring in the cladding materials, DFT studies on the interaction between Cl2g and the Zr (0001) surface were performed. Figure 1 illustrates the adsorption process of a Cl2 molecule on Zr (0001). The distance between the Cl atoms in the Cl2 molecule increases from 2.03 Å to 3.29 Å as approaching to the metal surface, indicating that the dissociation of a Cl2 gas occurs when the molecule starts interacting with the Zr metal surface. The calculated bond length of an isolated Cl2 molecule is 2.03 Å, which is in excellent agreement with the experimental value of 1.99 Å. The total energy profile depicted in Figure 1 (bottom) reflects a significant change in the bonding character of a Cl2 molecule from molecular to atomic when the distance from the surface is about 4.4 Å, leading to a noticeable energy gain due to the strong interaction with the metal surface. This also implies that the surface chlorination can occur on Zr (0001).
Up to 2 monolayers (ML), Cl atoms were introduced on the Zr (0001) surface to investigate the mechanism of the surface chlorination process. Up to 1 ML, each Cl atom gains about 3.4 eV by the surface chlorination on Zr (0001), the process is exothermic thus facilitating surface adsorption. After researching at 1 ML of the surface coverage of Cl atoms, the excess Cl atoms may diffuse into the bulk. (0001) Our results indicated that the surface chlorination process can be facilitated by the catalytic reaction on the Zr metal surface when a Cl2 molecule approached on Zr (0001). In order to represent the experimental condition which is normally Cl2 rich, we further investigated the surface reactivity of Cl2 on Zr (0001) up to 2 monolayers. A total of 4 Cl2 molecules are introduced in the Zr (0001) model systems ( Figure 2 ). The chlorination of Zr (0001) is exothermic with the energy gain of about 3 eV/Cl when one Cl2 molecule approached on Zr (0001). In Cl-rich conditions, further chlorination to 1 monolayer followed by two mono layers is expected to be exothermic with the energy gains of 1.93 eV/Cl and 2.79 eV/Cl, respectively. Then, the exfoliation process on the surface and interface of chlorinated Zr (0001) (Figure 3 ) was investigated. The process (b) which loses all the surface Cl atoms is energetically unfavorable due to the energy penalty (e.g., 1.89 eV/Cl). The process (c) which exfoliates the two surface layers, that is the surface Cl atoms along with the top Zr atoms, can be slightly more probable with a less energy penalty of 0.17 eV/Cl) than the process (a). The process (d) that leads to exfoliate the top three layers consisting of Cl-Zr-Cl is exothermic, thus most probable. The lattice dynamics and thermomechanical properties of bulk monoclinic ZrCl 4 (cr) have been studied within the framework of zero-damping dispersion-corrected DFT-D3(zero). Phonon calculations have been conducted within the quasi-harmonic approximation (QHA) and thermodynamic properties such as the entropy and isochoric and isobaric molar heat capacities have been derived and compared to available low-temperature calorimetric data. The thermal expansion and the evolution of the bulk modulus up to 550 K have also been predicted. The lattice parameters of bulk monoclinic ZrCl 4 ( F i g u r e 4 ) calculated in the zero-temperature Phonon analysis was conducted using the finite-displacement method near equilibrium volume within the QHA in order to derive thermal properties of bulk ZrCl 4 . A temperature effect was added to the calculated total energy U(V) of the system through the phonon contribution. Although the melting point of ZrCl 4 was reported as 710 ± 1 K, a monoclinic to cubic phase transformation around ≈ 538 K was discussed in previous studies. Therefore, the present calculations for monoclinic ZrCl 4 (cr) are limited to temperatures below 550 K. Results show an overall unit-cell volume increase with temperature.
The bulk modulus and its pressure derivative are predicted to vary from K0= 8.7 to 7.0 GPa and from K0' = 10.4 to 8.9 GPa between 0 and 550 K. Interestingly, both K0 and K ' do not decrease monotonically with temperature, but exhibit instead maxima in the vicinity of ≈ 20 and 80 K, respectively. The thermal expansion, α = V -1 (∂V/∂T) P was calculated, along with the Grüneisen parameter,
, where ν is the vibrational mode frequency. Vibrational modes whose frequency decreases with a contraction of the unit-cell volume V are characterized by γ < 0, and tend to produce negative contributions to the overall thermal expansion. This stems from the Grüneisen relationship connecting α and γ, i.e., α = γC V K/V, where K is the bulk modulus and C V is the isochoric molar heat. Bulk monoclinic ZrCl 4 undergoes negative thermal expansion (NTE; α < 0) below T ≈ 17 K, with minimum values of the thermal expansion of α = −1.2 × 10 -6 K -1 and the Grüneisen parameter of γ = −1.1 reached near T ≈ 10 K. Such NTE behavior is typical of low-energy transverse vibrational modes with γ < 0, which are populated at low temperature.
Investigation of zirconium chlorides in the gas phase
While much attention has been given to the theoretical and experimental investigations of crystalline ZrCl 4, accurate structural and thermo-mechanical information of Zr-Cl molecular species (i.e., ZrCl, ZrCl2, ZrCl3, and ZrCl4) remains scarce. Using DFT, the structures, electronic properties, and relative stability of the neutral Zr-Cl molecules have been investigated A systematic study to investigate the stable geometries of the neutral Zr-Cl molecules using DFT, implemented in Dmol3 within the level of DFT-PBE has been perfomed. The theoretically optimized geometries ( Figure 5 ) indicate that the monochloride (ZrCl) is a linear molecule with the bond length between Zr and Cl is 2.37 Å. It is worth noting that the predicted zirconium dichloride (ZrCl2) is in C2v with the average distance between Zr and Cl is 2.38 Å. The optimized structure of zirconium trichloride (ZrCl3) is planar in C3v. The distance between Zr and Cl is 2.35 Å. Gaseous ZrCl4 is stabilized in the tetrahedral (Td) structure with the distance between Zr and Cl atoms is 2.34 Å. The kinetic stability of these Zr-Cl molecular complexes can be evaluated in terms of the energy gap between the highest occupied (HOMO) and lowest unoccupied molecular orbitals (LUMO). Results indicated that the major contribution to HOMO of ZrCl2, ZrCl3, and ZrCl4 is from Cl-p orbitals while its counterpart to LUMO is mainly from Zr-d orbitals. The calculated HOMO-LUMO gaps of zirconium chloride molecules are 0.56 eV (ZrCl), 3.84 eV (ZrCl2), 3.59 eV (ZrCl3), and 4.45 eV (ZrCl4), respectively, suggesting zirconium tetrachloride to be the most stable and zirconium monochloride to be the least stable species. A substantial amount of charge transfer from Zr to Cl occurs in these molecular species, 0.47e (ZrCl), 0.47e (ZrCl2), 0.43e (ZrCl3), and 0.36e (ZrCl4), respectively. While the kinetic stability of these Zr-Cl molecular complexes based on HOMO-LUMO gaps suggests ZrCl4 to be most stable, mass spectroscopy measurements (see section 2.2.6) provide a clear evidence of monochloride, dichloride, trichloride and tetrachloride present in the gas phase.
Task 2: Characterization the chloride species obtained after chlorination of Zr cladding and Zr cladding components

Characterization of Zr cladding prior chlorination/hydrochlorination
The Zr claddings (Zircaloy-2, Zircaloy-4 and Zr-Nb alloys) were provided as tubes by collaborators from ORNL (L= 165 mm, diameter =13 mm, thickness = 0.5 mm) (Figure 6 ). The composition of Zircaloy-2, Zircaloy-4 and Zr-Nb alloys were investigated by Electron Probe Micro-Analysis (EPMA) and ICP-AES. The results found for Sn, Fe and Cr in Zircaloy-2 and Zircaloy-4 by EPMA and ICP-AES are consistent with those expected theoretically ( Table 1) . The results for the Zr-Nb alloys indicate the presence of Nb but also of Sn. 
Chlorination of binary metal systems
The chlorination experiments on binary systems (i.e., Zr+Cr, Zr+Ni, Zr+Sn and Zr+Fe) were performed in order to characterize the reaction of the alloying metals in the presence of Zr, and to identify the volatile products formed. The metal samples were placed in a quartz boat, disposed in a 50 cm quartz tube and thermally treated under flowing Cl2 gas ( Figure 7 ). Chlorination of Zr and Ni metal. Zr metal (35 mg) and Ni (34 mg) metal were placed in a quartz boat. Under thermal treatment in flowing Cl2, the sublimation of ZrCl4 was observed at 255°C and ZrCl4 was deposited at the ends of the quartz tube. Ni metal remained in the quartz boat, some of which was oxidized. The fact that the chlorination of Zr occurs at 40°C lower than in the Zr + Cr experiment suggests that Ni plays a significant role on the reaction between Zr and Cl2. SEM/EDS results show that the volatile ZrCl4 does not contain Ni ( Figure 9 and Table 3 ). Table 3 . Elemental concentration (wt%) determined by EDS in non volatiles particles Chlorination of Zr and Sn metal. Zr metal (20.1 mg) and Sn (34.9 mg) metals were placed in a quartz boat. Under treatment in flowing Cl2, Sn was observed to react with Cl2 gas at ~110°C, followed by condensation of SnCl4 (Figure 10 ). The reaction of Zr with Cl2 gas occurred at ~250°C. Chlorination of Zr and Fe metal. Zr metal (20.7 mg) and Fe (26.96 mg) metals were disposed in the quartz boat. Under heating, Fe was observed to react with Cl2 gas at ~250°C while Zr reacted with Cl2 gas at ~270°C. The majority of the volatile product (Figure 11 ) consists of a red solid, which turns yellow when exposed to the atmosphere; this solid has not been characterized. Also, non-volatile red Fe oxide products were observed in the quartz boat. In summary, the binary system chlorination experiments demonstrate that zirconium does not play a large effect in the reactivity or mobility of the other alloying elements.
Hydrochlorination of binary metal system
Hydrochlorination experiments of Fe metal, Zr + Fe metal, and Zr + Nb metal were performed in glass sealed tubes (Figure 12 ). Hydrochlorination of Fe metal. Iron metal (17.0 mg) and excess HClg were sealed in a tube. At room temperature, the formation of FeCl2 was observed at the surface of the Fe piece as a color change to bright green. No additional changes were observed after placing the tube in a furnace for 6 hours at 300°C. After reaction at 400°C for 12 hours, a small amount of yellow liquid (FeCl3·xH2O) was observed at the other end of the tube and most of the iron was left unreacted.
Hydrochlorination of Zr and Fe metal. Fe (4.1 mg), Zr (6.5 mg), and excess HClg were sealed in a tube. After reacting at 300°C overnight, ZrCl4 and FeCl3 were obtained, and FeCl2 that formed at room temperature was oxidized to FeCl3.
Hydrochlorination of Zr and Nb metal. Niobium (7.8 mg), Zr (7.2 mg), and excess HCl were reacted at 300°C for 72 hours at 300 °C. After the reaction, 4 different products were obtained ( Figure 13 ): a green solid (probably a-Nb3Cl8), a brown solid, a white solid (probably ZrCl4) and a yellow solid (probably NbCl5). The amount of yellow and white solids was much larger than the amount of brown and green solids. The four solids were separated and analyzed by ICP-MS after dissolution in 2% HNO3 (10 mL). The elemental ratio for the solids are: green solid, Zr:Nb = 1:9; brown solid, Zr:Nb = 2:5; white solid, Zr:Nb = 8:1; yellow solid, Zr:Nb = 1:7. The analysis demonstrates that the green solid is probably a reduced niobium chloride species (a-Nb3Cl8). Therefore, the reaction between Nb and HCl produces a compound with a higher boiling/sublimation point than niobium pentachloride which could be exploited for the separation of niobium from zirconium tetrachloride. Study at room at room temperature. The reaction between chlorine gas and the Zircaloy-2, Zircaloy-4 and Zr-Nb alloys was studied at room temperature (23 °C). Pieces of Zircaloy-2, Zircaloy-4, and Zr-Nb alloys were placed in 50 cm gas tube, chlorine was admitted into the tube; the tube was then closed at both ends using stopcocks and the samples were allow to react for 24 hours at room temperature After this time, no visible changes were observed and the alloys were analyzed by SEM/EDS. EDS show the presence of Cl in all the alloys; the Cl average are ~3.5-4 wt % for Zircaloy-2 and Zircaloy-4 and ~1 wt % for Zr-Nb alloys. This indicates that a slow reaction occurred between the alloys and Cl2 at room temperature and that Zr-Nb alloy is less reactive towards Cl2 than Zircaloy-2 and Zircaloy-4.
Chlorination of Zircaloy-2 at 260 °C. The chlorination of Zircaloy-2 (238.5 mg) was performed under flowing Cl2 at 260 °C for 25 minutes. In this experiment, Zircaloy-2 was placed in the center of the 50 cm long quartz tube (Figure 14) . During the experiment, white and yellow volatile products condensed on the different zone of the experiments set-up ( Figure 15 ). In another chlorination experiment of Zircaloy-2, the non volatile products were analyzed by SEM/EDX, results indicates primarily the presence of ZrO2 particles (100 μm, Figure 16 ) while particles of CrCl3 (10 μm size, Figure 17) were also detected. The atomic ratio for ZrO2 particles found by EDS was 28.2 ± 3.1 % for Zr and 67.7 ± 1.1 for O. The atomic ratio for CrCl3 particles found by EDS was 22.6 ± 2.4 % for Cr and 67.1 ± 5.1 for Cl. Fe and Ni (2 % at. %) were detected by EDS in the ZrO2 materials. Sn was not detected, possibly due to its volatilization during the chlorination. Table 6 . EDS (wt%) results for the elemental composition of Zircaloy-4 after chlorination at 120°C
Structural characterization of ZrCl4 in the solid-state
Zirconium tetrachloride is the main compound obtained after chlorination /hydrochlorination of Zr cladding. Considering the strategic importance of ZrCl4, the re-determination of its crystallographic structure at various temperatures is needed; obtaining accurate structural data on ZrCl4 in various ranges of temperature will help theoreticians prove the accuracy of their theoretical model. Here, the structure of ZrCl4 was investigated by single crystal X-ray diffraction (SCXRD) at 100, 150, 200, 250 and 300 K.
Zirconium tetrachloride was synthesized from the reaction of Zr metal and chlorine gas in a glass sealed tube. In a typical preparation, zirconium metal (20 mg, 0.22 mmol) was placed in a Pyrex tube (I. D = 8 mm, L = 30 cm) connected to a Schlenk line and flamed under vacuum. After backfilling with chlorine gas, the end of the tube was cooled in liquid nitrogen and ~0.65 mmol of Cl2 were condensed (Zr:Cl ~ 1:6). The tube was flame sealed (L = 25 cm after sealing) and placed in a clamshell furnace. The temperature was increased to 300°C (10 °C/min) and held for 6 hours at 300°C. After cooling to room temperature, a non-volatile material (probably zirconium oxide) was observed at the end of the tube that contained the metal, while a white solid (ZrCl4) was present at the cold end. After the reaction, the end of the tube that contains the volatile compound was placed in liquid nitrogen and the tube was sealed at 18 cm, thus removing the zirconium oxide. The tube containing ZrCl4 was wrapped with aluminum foil and the entire tube was placed in the clamshell furnace. The temperature was increased to 155°C (0.3 °C/min) and held for 96 hours at 155°C. After cooling to room temperature (0.3 °C/min), white prismatic crystals were present on the surface near the middle of the tube, and were used for the SCXRD study.
The SCXRD analysis on a prismatic crystal reveals the compound to be ZrCl4. The material crystallizes in the orthorhombic space group Pca21 and consists of infinite ordered zigzag chains of edge-sharing ZrCl6 octahedra. The chain motif is similar to the one observed in ZrCl4 previously obtained from ZrO2 and Cl2+ CCl4 (vide infra). In a chain (Figure 20) , the Zr atoms are equidistant and the metal-metal separation (i.e., 3.395(1) Å) precludes metal-metal interaction. There are three classes of Zr -Cl bond distances within this structure. The shortest bond involves the terminal chlorine (Zr -Cl(1) = 2.314(6) Å and Zr -Cl(3) = 2.310 (7) Å, avg. Zr-Cl(ter) = 2.312[9] Å). The two other distances involved the bridging Cl atoms which are in transposition to terminal Cl (Zr -Cl(4') = 2.670(6) Å, Zr -Cl(2') = 2.664(6), avg. Zr -Cl(bri1) = 2.667[8] Å) and the bridging atoms in trans-position to bridging chlorines (Zr -Cl(4) = Zr -Cl(2) = 2.504(6) Å), avg. Zr-Cl(bri2) = 2.504(6) Å). The shortest non-bonding distance in the chain is realized by the bridging chlorine atoms (Cl(2')···Cl(4) = Cl(2')···Cl(4) = 3.320(8) Å). The shortest inter-chain distance involved the terminal chlorine atoms (i.e., Cl(1)···Cl(2 * ) = 3.687(9) Å) is slightly above the sum of van der Waals (VDW) radius (i.e., 3.6 Å). Similar bond distances distributions were observed in transition metals tetrachloride crystallizing with zigzag chain (i.e., HfCl4 and TcCl4). In those compounds, ZrCl4 has the largest M···M and M-Cl(bri) distances while HCl4 exhibits the largest Cl···Cl interchain distances. Weak VDW interactions between chains could be the origin of the thermal behaviour observed between MCl4 (b. p = 331 °C for M = Zr and b. p = 317 °C for M = Hf) and TcCl4 (decomposition at 450 °C under vacuum). Those thermal behaviors might be of interest for nuclear applications (i.e., separation of 99 Tc from Zr cladding using a chlorine volatility process). The space-group and structural parameters determined here are different from the ones previously reported. In our study, all the Zr -Cl distances are larger (~ 0.01 Å) than those previously obtained. In both structures determination, the angles in the ZrCl6 octahedron are similar. Here, the shortest distance between two chains is realized between two terminal chlorine atoms while in the previous study, the shortest distance is realized between terminal and bridging chlorine atoms. Differences in space group and structural data are probably due to the thermal conditions used in the preparations of the crystals: synthesis at 300 °C followed by thermal treatment at 155 °C and slow cooling in our case, versus synthesis at 700 °C -500 °C followed by thermal treatment at 300 °C in the previous studies. (1) = 2.313(6), Zr1 -Cl(2) = Zr1 -Cl(4) = 2.504(6), Zr1 -Cl(3) = 2.311(6), Zr1 -Cl(2') = 2.664(6), Zr1 -Cl(4') = 2.670(5), Zr1····Zr(1'') = 3.968(5). Symmetry operations: (') x-1/2, -y+1, z; ('') x+1/2, -y+1, z
The effect of temperature on ZrCl4 structural parameters was evaluated between 100 and 300 K. Analyses of structural parameters indicate no phase transformation in this domain of temperature. A linear increase of the unit cell parameters and volume are observed when moving from 100 to 300 K. In the chain, the effect of the temperature is primarily observed on the Zr1···Zr(1") and Zr1 -Cl(bri1, 2) distances while the Zr1 -Cl(ter) distances and the angles in the ZrCl6 octahedron remain nearly unchanged. When moving from 100 K to 300 K, the Zr1···Zr(1") and the Zr1 -Cl(bri1, 2) distances, respectively, increase by ~0.015 Å and ~0.006 Å. The increase of the Zr1···Zr(1") separation is accompanied by a slight decrease of the avg. Cl(4) -Zr -Cl (3) angle (i.e., 80.06[9] ° at 100 K and 79.9[1]° at 300 K). The shortest inter-chain distance increases with the temperature (i.e., Cl(1)···Cl(2 * ) = 3.630(3) Å at 100 K and 3.687(9) Å at 300 K), which results in weaker VDW interactions at elevated temperatures
Gas phase study of ZrCl4
While much attention has been given to the theoretical and experimental investigations of crystalline ZrCl4, accurate structural and thermomechanical information of ZrClx molecular species in the gas phase remain scarce. In this context ZrCl4was synthesized from the reaction of Zr metal and chlorine gas in a glass sealed tube and analyzed by electron-impact mass spectrometry. ZrCl4 was synthesized from the reaction of zirconium metal and chlorine gas at 300°C in a glass sealed tube. After the reaction, the end of the tube containing ZrCl4 was placed in liquid nitrogen and the tube was sealed to separate the zirconium oxide impurity. The capillary was then sent to the University of Zurich for electron-impact mass spectrometry analysis.
Zirconium chloride species yield EI-MS peaks that are recognized not only by their mass to charge ratio, but also by their unique splitting pattern due to the isotopic abundances of Zr and Cl ( Table 7) . The spectrum after a retention time of 6.86 minutes (400°C) is presented in Figure 21 . The relative abundances of the observed species were determined from the sum of all the peak counts in the isotopic mass range. In addition to the parent ZrCl4 molecule, the following fragments are present in a quantifiable manner: ZrCl3 + , ZrCl3 2+ , ZrCl2 + , ZrCl + , and Zr + (Table 8) , with ZrCl3 clearly as the most abundant species. It is noted that ZrCl3 is also found in the separation of HfCl4 from ZrCl4 using molten salts. Table 7 . Splitting of a ZrCl4 peak from m/z = 229.8 to m/z = 239.8 due to isotopic abundance A thermal gravimetric (TG) study of the chlorination of Zircaloy-2 (Zr-2), Zircaloy-4 (Zr-4), Zr-2.5Nb alloys (Zr-Nb) as well as Zr-2 and Zr-4 cladding that had been hydrided to failure (>0.1 % H2) have been performed at PNNL (Dr. McNamara). A scanning electron microscope image (Figure 22) shows an example of Zr-4 cladding and Zr-4 cladding that has been hydrided. The individual Zr-4 metal pieces were about 1 mm and their shape was often elongated and slightly twisted from their cutting. The Zr-4 hydrided pieces exhibit flakes morphology. Chlorination of Zr-4, Zr-2 and Zr-Nb alloys. In order to establish their thermal behavior, the Zircaloys were chlorinated several times (10% Cl2 in ultra pure argon) in the TG apparatus; the instrument simultaneously records the heat exchanges (DTA) as the reaction progresses. The exothermicity ( Figure  23 ) of the chlorination reaction is similar to the oxidation of Zr metal by oxygen. For the different Zircaloys and their hydrided products, no differences in the volatilization rate, volatilization temperature and onset temperature (430°C) of ZrCl4 were observed (Figure 24 ).
For the different Zircaloys, the volatilization of ZrCl4 under the isothermal conditions used here was complete in about 5 minutes; this is due to the fact that the self-heating of the reaction increases considerably the sample temperature. Small differences in the amount of residues were observed after complete volatilization: the wt% percent of residue for Zr-2 and Zr-4 were statistically the same (1-3wt%) whereas the 2.5% Nb-Zr residues exceeded 4wt%. Such differences might occur due to small compositional differences in the alloys that do in fact change their corrosion characteristics; such changes should affect the kinetics of chlorination as well. The mass loss during the chlorination of Zr-4, Zr-2 and Zr-Nb alloys could be modeled with a 2D phase boundary model. The experimental and fitted data are presented in Figure 25 . The result is consistent with a shrinking core model of geometrically flat pieces of Zr-4 undergoing volatilization. The 1D, 2D, 3D phase boundary models suggest that there is a stable phase, a non-volatile oxide or a chlorinated species that is intermediate between the metal and the volatile ZrCl4. Smaller particle sizes than used here potentially can reveal additional mechanistic clues to these reactions, as the diffusion behaviors tend to dominate in larger sized pieces. (Figures 23 and 24) under the subsequent chlorination. However, if Cl2 gas was turned on during or soon after the heating ramp reached 430°C, the chlorination required longer reaction times (Figure 26 ). The reaction also resulted in a greater residual product (~20%) than the Zr-2 and Zr-4 metals (3-6%) and the isothermally treated Zr hydrides. Additionally, a clear corrosive gas, presumably HCl gas was observed. The TG analysis (Figure 26) indicates that Zr-4 was volatilized to completion faster than the hydrided form; the change in kinetic response appeared to be due to more than just the presence of the hydride phase. The DTA of the hydride materials (Figure 27 ) indicates the presence of water (100 °C) and hydroxide (280 °C) while these species are not observed for Zr-4. The presence of chemisorbed water and hydroxide could affect the reactivity of the hydride system. 
Thermochemical behavior of chlorides species after chlorination of Zircaloys
Samples (~45 mg) of Zircaloy-2, Zircaloy-4 and Zr-Nb alloy were placed in a glass tube and sealed with excess chlorine gas. The tubes were placed in a furnace at 300°C for 6 hours. After the reaction, the volatile chloride products were collected sealed and analyzed using by TGA equipped with differential scanning calorimetry (DSC) at PNNL (Dr. McNamara). Approximately 25-30 mg of each alloy product was collected and loaded for analysis. Due to the air sensitivity of ZrCl4, analyses were performed under an argon atmosphere, from room temperature to 600°C, using a heating rate of 10 °C/min, and data points collected every 0.5 seconds. The TGA plots of the Zircaloy-2, Zircaloy-4 and Zr-Nb alloy chlorination products (Figure 28 ) look all similar; the large mass loss curve observed near 300°C corresponds to the sublimation of ZrCl4. The mass residue at the end of the runs is higher in Zircaloy-2 and Zircaloy-4 (~5%) than in Zr-Nb alloy (~1%) due to higher concentrations of chromium and nickel species. Also, these low residue values suggest that the oxygen-free conditions minimized ZrCl4 decomposition during the sample loading process. The DSC plots (Figure 28 ) show large peaks near 300°C corresponding to the endothermic ZrCl4 sublimation processes. The plots of the Zircaloy-2 and Zircaloy-4 products show minor peaks near 160°C that correspond to minor thermal dehydration, and coupled with the TGA data they confirm that the atmosphere, and hence the chloride products, were maintained very dry. Minor peaks at 450°C suggest a phase transition. Experiment a. Metallic Zr (10.1 mg), Cr (9.7 mg), Ni (10.5 mg), Sn (10.7 mg), Sb (10.5 mg) were introduced in a glass tube and sealed with excess chlorine gas. The tube was placed in a furnace so that the metallic elements were located in the hot zone and the tube was treated at 300 °C for 6 hours. After the reaction, two products were observed: a dark non-volatile product (sample 1) at the hot end of the tube and a yellow product at the cold end of the tube.
The cold end of the tube containing the yellow volatile material was sealed and placed back in the furnace at 200 °C for 48 hours. After this time, three products were observed: a non volatile white product (sample 2), a yellow volatile product (sample 3) and a white volatile product (sample 4, Figure 29 ).
All the samples were treated with 2% nitric acid (15 mL) and analyzed by ICP-MS. During the treatment, an unreacted metal/oxide (mostly chromium) did not dissolve in the acid. The ICP-MS results are presented in Table 9 . Results indicated that the non volatile metallic product (sample 1) consists primarily of Ni. The most relevant results is that the Zr product (sample 4) obtained after treatment at 200 °C does not contain any Cr, Ni, Sn and Sb and has a purity of 99. 25 %. Based on ICP results, the recovery yield of Zr for sample 4 is 20.2 %. Table 9 . Calculated mass (mg) of each element per sample Experiment b. Metallic Zr (17.7 mg) and CsOH (13.0 mg) were introduced in a glass tube and sealed with excess chlorine gas. The tube was placed in a furnace at 300 °C for 96 hours so that Zr metal and CsOH were located in the hot zone of the furnace. After the reaction (Figure 30 ), two products were observed: a non-volatile white product (sample 5) and a white volatile product at the cold end of the tube (sample 6). Samples 5 and 6 were dissolved in HNO3 and the solution analyzed by ICP-MS (Table 10) . Results show that the non volatile product (sample 5) contains primarily Cs while the volatile product (sample 6) contains Zr. The Zr from the volatile products was recovered in 60.3% yield and has a purity of 99.86 %. In section 2.2.5, ZrCl4 was re-crystallized at temperatures as low as 155°C. Therefore, it could be possible at this temperature to sublime ZrCl4 and separate it from iron and niobium chlorides.
Experiments were performed in sealed glass tubes using Zircaloy-2, Zircaloy-4, Zr-Nb and HCl gas. The process to prepare sealed-tubes is described in section 2.2.5. Here, HCl was used instead of Cl2 because HCl reacts with Zr to produces H2 which can be used as a reducing atmosphere during a secondary heating step for separation. Zircaloys (~1 g) were sealed in glass tubes (150 cm long, 0.8 cm ID) filled with HCl. The end of the tube containing the alloy was placed inside a tube furnace at 300°C for 72 hours. After 72 hours, volatile products were observed; the end of the tubes with the unreacted metal were sealed (Figure 31 A) and the glass tubes (~130 cm) containing the chloride products were placed back in the furnace at 150°C for 72 hours. After 72 hours, a white product sublimed at the cold end of the tube (Figure 31 B) and was separated from the remaining product at the hot end of the tube (Figure 31 C) . A similar experiment was performed on a sealed tube with a mixture of Zr, Nb, and Fe (20 mg of each metal), and HCl gas. The contents of each tube fraction were dissolved in 10 ml of 2% HNO3 for ICP-MS analysis. In order to quantify the large concentrations of Zr as well as the low concentrations of the other elements within the instrument's capabilities, 1:1000 dilutions were prepared from each sample. Samples were run in triplicates, and the averages were background corrected by the software. Calculations from ppb to % were done manually. Most of the data in Table 11 are from the original 10 mL samples, with the exception of the Zr data which was obtained from the 1:1000 dilutions, and then those Zr concentrations were multiplied by 1000 and compared to the other elements. Products at the cold end after reaction at 150°C
The efficiency of this separation process is higher than that of previously published processes using Cl2. The ZrCl4 purified from the alloys at 150°C show 99.9976%, 99.9996%, and 99.9960% purity. The highest impurity concentration is due to Nb in the Zr-Nb alloy (0.00297%), and every other value is significantly lower. In addition, every value for Fe in the alloy products is negative, showing that the reducing conditions are highly effective to remove FeCl3, perhaps due to it being converted into FeCl2 and reducing its mobility. Interestingly, the concentration of Sn is always higher after the second heating step due to its lower boiling point. However, it has been previously shown that Sn is easily removed from ZrCl4. It is noted that this process did not purify the metal mixture with equal efficiency.
Due to the dangers of using HCl and H2 in the industrial process, an alternative method can be to synthesize the chlorides with Cl2 at 300°C, Then, the excess Cl2 can be evacuated and replaced by HCl for the secondary separation step at 150 °C.
